The y-linked autoimmune accelerating (yaa) locus is a potent autoimmune disease allele. Transcription profiling of yaa-bearing B cells revealed the overexpression of a cluster of X-linked genes that included Tlr7. FISH analysis demonstrated the translocation of this segment onto the yaa chromosome. The resulting overexpression of Tlr7 increased in vitro responses to Toll-like receptor (TLR) 7 signaling in all yaa-bearing males. B6.yaa mice are not overtly autoimmune, but the addition of Sle1, which contains the autoimmune-predisposing Slam͞Cd2 haplotype, causes the development of fatal lupus with numerous immunological aberrations. B6.Sle1yaa CD4 T cells develop the molecular signature for T FH cells and also show expression changes in numerous cytokines and chemokines. Disease development and all component autoimmune phenotypes were inhibited by Sles1, a potent suppressor locus. Sles1 had no effect on yaa-enhanced TLR7 signaling in vitro, and these data place Sles1 downstream from the lesion in innate immune responses mediated by TLR7, suggesting that Sles1 modulates the activation of adaptive immunity in response to innate immune signaling.
S
usceptibility to systemic lupus erythematosus is mediated by complex genetic and environmental interactions (1, 2) . Because of this complexity, we and others have used congenic dissection of lupus-prone mouse strains to characterize the underlying immune abnormalities responsible for lupus susceptibility (3) (4) (5) (6) (7) (8) (9) (10) (11) . These analyses have provided important insights into the component phenotypes associated with individual disease alleles and allowed an assessment of genetic interactions that mediate severe lupus. In addition, congenic dissection can be a key step in the identification of causative alleles, as demonstrated by the association of polymorphisms in the SLAM͞CD2 gene cluster with Sle1b, the most potent lupus susceptibility locus in Sle1 (12) .
The BXSB lupus model is a recombinant inbred mouse strain produced from an intercross of C57BL͞6J (B6) and SB͞Le (13, 14) . BXSB male mice develop a severe form of murine lupus because of interactions between the y-linked autoimmune accelerator (yaa) locus on the Y chromosome and other autoimmune disease alleles in the BXSB genome (reviewed in ref. 15) . yaa is the most potent disease allele detected in the BXSB strain (14) . Previous studies found that yaa dysregulated the B cell lineage and that CD4 T cells were necessary for disease but need not carry the yaa mutation (16) (17) (18) . Introgression of yaa onto the nonautoimmune C57BL͞6J (B6) background revealed that yaa could produce disease only when combined with other autoimmune-promoting genes (3, 8, (19) (20) (21) . In our B6 congenic system we found that the bicongenic B6.Sle1yaa strain developed severe disease, indicative of strong epistatic interactions between these two susceptibility loci (8) .
We previously described four suppressive modifier loci, Sles1-4, which suppressed autoimmunity in NZW mice (22) . Sles1 was the most potent of these loci, and we recently fine-mapped it into an Ϸ956-kb region at the proximal end of the murine MHC. Genetic complementation studies indicated that the suppressive effects of Sles1 were not mediated by MHC class II molecules and that mice expressing Sles1 mounted normal immune responses to exogenous stimulation, indicating that this suppressive modifier did not broadly inhibit the immune system (23) .
Here we present data demonstrating that the causative genetic lesion for yaa involves a translocation of the Toll-like receptor (TLR) Tlr7 from the X chromosome onto the yaa Y chromosome. This translocation causes a 2-fold overexpression of Tlr7 in male mice bearing yaa, which is sufficient to dysregulate TLR7-mediated activation of innate immune responses. We further demonstrate that the introduction of Sle1 synergizes with this regulatory lesion in innate signaling to cause profound dysregulation of the adaptive immune system. Finally, the introduction of Sles1 onto the B6.Sle1yaa lupus model (B6.Sle1yaaSles1) eliminated pathogenic autoimmunity and associated phenotypes without suppressing the hyperresponsive properties of the TLR7 dysregulation caused by yaa.
Results

Genetic Interactions Among yaa, Sle1, and Sles1 Modulate Systemic
Autoimmunity. To characterize the genetic interactions among these loci, we compared the immunologic phenotypes in a congenic series consisting of B6.yaa, B6.Sle1, B6.Sle1yaa, and B6.Sle1yaaSles1. As shown in Fig. 1A , B6.Sle1yaa mice had significant cumulative mortality by 9 months, with all surviving mice exhibiting severe kidney pathology characterized by hyalanized end-stage disease in most kidney glomeruli (Fig. 5 , which is published as supporting information on the PNAS web site). In contrast, B6.yaa, B6.Sle1, and B6.Sle1yaaSles1 mice had normal lifespans, with little or no evidence of kidney disease by 9 months (Figs. 1 A and 5) (5). The production of serum IgM and IgG anti-chromatin, anti-dsDNA, and anti-GBM (glomerular basement membrane) autoAbs was also impacted by these genetic interactions. Relative to B6, B6.yaa mice had increased levels of IgM autoAbs by 4-6 months, and B6.Sle1 mice produced high IgG titers against chromatin. Significant levels of autoAbs were detectable in B6.Sle1yaa by 6-8 weeks, and, consistent with the incidence of severe glomerulonephritis, the titers dramatically increased by 4-6 months (Fig. 5) . The autoantigen microarray profiling of these sera (shown in Fig. 1B ) revealed that B6.Sle1yaa mice at 4-6 months preferentially produced high titers of IgG autoAbs against dsDNA and kidney glomerular antigens, which strongly correlated with severe kidney pathology (24) . These data indicate that yaa and Sle1 dictate independent contributions to the development of autoAbs, and combining the two loci amplified these phenotypes, resulting in accelerated production of disease-associated IgG autoAbs. ϩ cells from B6, B6.yaa, B6.Sle1yaa, and B6.Sle1yaaSles1 mice at 4-6 months of age. A Boolean comparison identified 18 genes that were differentially expressed in yaa-bearing B cells at a corrected significance of P Ͻ 0.01 compared with B6 (Fig. 6 , which is published as supporting information on the PNAS web site). Four of these genes (Trappc2, Rab9, Tlr7, and Prps2) are located in an Ϸ1-Mb segment, just proximal to the pseudoautosomal region at the telomeric end of the X chromosome ( Fig. 2A Upper) (www. ensembl.org͞Musmusculus) (25) . The expression of these four genes was 2-fold greater in CD19 B cells from yaa strains compared with B6 ( Fig. 2 A Upper) . The up-regulation of Tlr7 was verified by real-time quantitative PCR (Fig. 2B) . Tlr8, which is located just distal to Tlr7, was not detectably expressed in the B or CD4 T cells from any of these mice (data not shown).
Based on these data, we hypothesized that yaa contained a translocation of this segment of distal X to the Y chromosome, resulting in aberrant overexpression of genes that normally undergo X inactivation in females. An X-to-Y translocation was confirmed by using two-color FISH with bacterial artificial chromosome (BAC) probes specific for the Y chromosome (RP24-208N6; pink) and the X chromosome region containing Tlr7 and Prps2 (RP23-92P6; green). As shown in Fig. 2C , hybridization of metaphase chromosome spreads identified Tlr7 and Prps2 (labeled in green) on the X chromosomes of both B6 and B6.yaa mice. However, an additional copy of Tlr7 and Prps2 was found on the Y chromosome only in B6.yaa mice (Fig. 2C  Right) . This additional copy on the Y chromosome caused a 2-fold increase in Tlr7 gene expression in purified B cells from males in comparison to littermate females from yaa strains, consistent with the circumvention of normal X inactivation mechanisms by genes in the translocated segment (Fig. 6 ). DNA sequencing of both Tlr7 and Rab9 detected no polymorphisms within the coding regions of these genes between B6 and B6.yaa males, indicating that the translocated copies on yaa encode proteins that are identical to those on the X chromosome (data not shown). In addition, no changes in the tissue specificity for Tlr7 have been detected (data not shown), indicating that the primary consequence of this translocation is the 2-fold increase in gene transcription. 
Functional Changes Associated with the Tlr7 Translocation in yaa Mice.
Recent work has documented the roles of TLR7 and TLR9, which are nucleic acid-binding members of the innate immune system family of TLRs, in the molecular interactions that lead to a breach in tolerance to nuclear antigens in different systems (26) (27) (28) (29) (30) (31) (32) (33) . TLR7 recognizes viral ssRNA (34) (35) (36) , thus making it an excellent candidate for involvement in autoimmunity to RNA-containing antigens. Furthermore, TLR7 is expressed on B and myeloid lineage cells, but not in CD4 T cells, consistent with the documented functional properties of yaa (16) (17) (18) . Given these data, Tlr7 emerged as a strong candidate for the autoimmune phenotypes mediated by yaa.
The functional effects of a 2-fold increase in the transcription of TLR7 were tested in vitro by using the synthetic TLR7 agonist R837. Splenocytes from 6-to 8-week-old male mice were cultured for 24 and 48 h with various concentrations of R837 and assayed for differences in activation markers, proliferation, and IL12p40 secretion after stimulation. As shown in Fig. 3A , splenocytes from B6.yaa mice responded significantly more strongly to stimulation with R837 than B6 controls. Analogous experiments assessing responses of these strains to stimulation through TLR4 (LPS) and TLR9 (CpG ODN 1826) indicated that yaa enhances the proliferative responses of B cells to TLR4, but not TLR9. In this regard, stimulation by R837 in strains expressing yaa was inhibited by chloroquine, consistent with the maintenance of the specific expression of TLR7 in endocytic vesicles (Fig. 7 , which is published as supporting information on the PNAS web site) (37) . Taken together, these data indicate that the enhanced stimulation with the TLR7 agonist was not due to aberrant subcellular localization or generalized aberrancies in the stimulation properties of receptors located within such vesicles.
As discussed above, B6.yaa mice develop a minimal autoimmune phenotype involving the production of low titers of IgM autoAbs (Fig. 5) . However, as shown in the heat map in Fig. 3B , both the B6.yaa and B6.Sle1yaa strains produced IgM autoAbs that recognized RNA-associated autoantigens, including Ro and La, as well as a variety of small nuclear ribonucleoproteins (SnRNPs). Whereas B6.yaa produced only IgM autoAbs against these antigens, B6.Sle1yaa mice transitioned to the production of IgG (Fig. 1) . In contrast, sera from autoimmune B6.Sle1 mice did not preferentially recognize this subset of antigens. These results support the hypothesis that dsyregulated TLR7 signaling may be directly involved in mediating the breach in B cell immune tolerance to RNA-containing antigens in yaa-bearing mice.
Finally, the in vivo phenotypes of B6.yaa mice were concentrated in the B cell compartment, as evidenced by significant decreases in the percentages of both T2 (B220 ϩ CD23 ϩ CD21 hi IgM hi ) and MZ (B220 ϩ CD23 Ϫ CD21 ϩ IgM ϩ ) B cells in B6.yaa mice relative to B6 (Fig. 8 , which is published as supporting information on the PNAS web site) (38) . Although previous studies reported the absence of monocytosis and other associated immunological abnormalities in B6.yaa mice (20, 39), we found mild myeloid and B lymphocyte dysregulations compared with B6 (Fig. 8) . Overall, B6.yaa mice have subtle immune phenotypes, indicating that the deleterious consequences of the up-regulation of Tlr7 are predominantly modulated by immunoregulatory mechanisms present in B6 mice.
Interactions of Sle1 with yaa Drives Severe Autoimmune Disease. The addition of Sle1 to B6.yaa causes a transition to severe autoimmunity accompanied by the development of a variety of immune system aberrations, including extensive splenomegaly and a tremendous increase in splenic cellularity. To assess the origins of this dysregulation, the cell lineage distributions in thymic, bone marrow, and splenic populations in the entire congenic panel were analyzed at 6-8 weeks and at 4-6 months (Tables 1  and 2 , which are published as supporting information on the PNAS web site). This analysis revealed an extensive expansion of all immune cell lineages, detectable by 6-8 weeks of age and dramatically increasing by 4-6 months. Most notably, a dramatic increase in the splenic CD11b ϩ population was observed, with a striking expansion in the monocyte and neutrophil populations. These phenotypes are consistent with many of the immunologic dysregulations described in the parental BXSB.yaa strain (15) .
A comparison of the immune cell populations of B6.yaa and B6.Sle1yaa revealed dramatic increases in the activation of the T cell lineage as a major consequence of the genetic interaction between these two disease loci. T lymphocytes from B6.Sle1yaa mice showed early and progressive activation, such that by 4-6 months Ϸ50% of the CD3 T cells from B6.Sle1yaa mice were CD69 ϩ ( Table 2) . Both CD4 and CD8 T cells exhibited this chronic activation, along with a marked differentiation toward a CD62L Ϫ CD44 hi memory phenotype (Table 2) . Fig. 4A presents a short list of genes with Sterile splenocyte suspensions from 6-to 8-week-old mice were plated in quadruplicate at 0.5 ϫ 10 6 cells per ml in complete RPMI medium 1640 with varying concentrations of the synthetic TLR7 agonist R837 (Imiquimod). Duplicate plates were set up, and cells were cultured at 37°C for 24 and 48 h. Either plates were pulsed with [ 3 H]thymidine for the last 9 h and [ 3 H]thymidine incorporation was measured by ␤-scintillation counting to assay for cell proliferation, or cells and supernatants were collected for flow-cytometric and ELISA analyses. In all bar charts error bars represent SEM (n ϭ 3-6). * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001 (versus B6 by ANOVA). (B) Sera obtained from 4-to 6-month-old mice were assayed by using protein antigen arrays and autoAbs specific for RNA-containing antigens examined using cluster analyses (24) . Color coding of individual samples: black, mean of all samples; increasing green, increasingly below mean; increasing red, increasingly above mean.
expression profiles specifically associated with B6.Sle1yaa CD4 T cells among the congenic series. Most notably, expression of Il21, Il4, Ifn␥, and many other chemokine and cytokine genes were strongly up-regulated at this point in disease development. B6.Sle1yaa T cells at this stage of disease also had a replicative senescent phenotype, which is commonly a consequence of the chronic activation associated with severe autoimmunity in lupusprone mouse strains (Fig. 9 , which is published as supporting information on the PNAS web site) (8, (40) (41) (42) .
As shown in Fig. 4B , this expanded population of CD4 ϩ effectors exhibited a molecular signature characteristic of the follicular T helper (T FH ) cell population [up-regulated Icos, Pdcd1, Blr1 (Cxcr5), Ccl5 (Rantes), Il21, Cd200, Cd84, Tiam1, and neuropilin], which was confirmed by flow cytometry (Fig.  4C) . Examination of younger mice revealed that the dysregulated expression of these molecules occurs early in the course of disease, most notably for ICOS and PD1, and can be detected by 6 weeks of age in B6.Sle1yaa splenic CD4 T cells and by 9 weeks in the peripheral blood (data not shown). There was no evidence for a T FH molecular signature in CD4 cells from B6.yaa. Thus, the expansion of the T FH population seen in B6.Sle1yaa mice is associated with the development of severe pathology and may result from the specific interactions between Sle1 and yaa.
Sles1 Inhibits Disease Development in B6.Sle1yaa Mice. As shown in Figs. 1, 3 , and 4 and in the supporting information, B6.Sle1yaaSles1 mice exhibited no signs of pathogenic autoimmunity and had ex vivo phenotypes completely analogous to B6. These results demonstrated that Sles1 fully suppresses the autoimmune phenotypes and immune cell dysregulations mediated by both Sle1and yaa. As shown in Fig. 3A , Sles1 did not impact the increased responsiveness to R837 that was associated with the TLR7 up-regulation mediated by yaa. Similarly, Sles1 did not affect the inherent expression differences of the SLAM͞CD2 family members mediated by the autoimmune Slam͞Cd2 haplotype of Sle1b. These results indicate that Sles1 operates downstream from both of these primary genetic lesions and operates to reestablish normal tolerance and immune regulation within an immune system that has dysregulations in genes involved in both innate and adaptive responses.
Discussion
These studies demonstrate that a translocation between the X and Y chromosomes is the genetic lesion underlying the ability of the BXSB-derived yaa locus to mediate systemic autoimmunity in specific genomic contexts. This translocation results in 2-fold overexpression of the translocated genes, which includes the ssRNA-recognizing TLR7 member of the TLR family of receptors (34) (35) (36) . This dysregulation caused increased in vitro responses to a TLR7 agonist in yaa-bearing strains and potentiated the preferential recognition of RNA-associated autoantigens in the B6.yaa mouse. Taken together, these data provide compelling evidence that the overexpression of Tlr7 is causal for the autoimmune phenotypes associated with yaa, although contributions from other genes within the translocated genomic segment cannot be ruled out without further studies. In this regard, murine TLR8 does not appear to recognize ssRNA or the synthetic agonist R837, which contrasts with the properties of human TLR8 (43, 44) .
These analyses provide important insights into how synergistic interactions between the innate and adaptive immune responses may be a key element in genetic susceptibility to autoimmunity. B6.yaa mice are not autoimmune, despite the enhanced signaling mediated by the translocated copy of Tlr7. B6.Sle1 mice develop a benign autoimmunity characterized by the production of IgG anti-chromatin autoAbs. When these two loci are combined, they interact to drive a profound and chronic activation of both innate and adaptive immune responses, culminating in fatal glomerulonephritis associated with the production of high-titered pathogenic IgG autoAbs. The immune systems of these mice are dramatically transformed as a consequence of such unregulated immune activation, which can be detected as early as 6 weeks of age, well before the development of significant autoimmune pathology.
The CD4 T cell lineage in B6.Sle1yaa is profoundly dysregulated, exhibiting an early and progressive activation that leads to a dramatic increase in IFN␥-secreting cells and ultimately a phenotype resembling that of chronic activation-induced ''replicative senescence'' (Fig. 9) . Although B6.Sle1 mice also show similar aberrations, the introgression of yaa profoundly amplifies both the kinetics and magnitude of these phenotypes. Because CD4 cells do not express TLR7 (37) , this activation is likely impacted by the dysregulation of TLR7-bearing populations in combination with the inherent B and T lymphocyte defects caused by Sle1. In this regard, the yaa-mediated increase in the secretion of IL12p40 by splenocytes stimulated in vitro with R837 is consistent with the dramatic expansion of the IFN␥-secreting CD4 T cells. The precise nature of these cellular interactions remains to be elucidated; however, it is reasonable to predict that a TLR7-mediated dysregulation of the myeloid lineage is responsible for the increased production of IL12p40 in yaa-bearing mouse strains.
The molecular signature of T FH cells found in B6.Sle1yaa mice is intriguing given the recent association of this phenotype with severe disease in the san roque lupus model (45, 46) . Interestingly, key characteristics of T FH cells include the increased expression of members of the SLAM͞CD2 gene family. We recently associated extensive polymorphisms of the SLAM͞CD2 gene cluster with Sle1b, which is the most potent autoimmune locus identified within Sle1 (12, 47) . Furthermore, Sle1b was recently identified as the predominant locus responsible for interactions between yaa and Sle1 (19) . The Slam͞Cd2 genes, which encode adhesion͞costimulatory molecules, participate in cellular interactions between both innate and adaptive immune cells, like yaa, thus making them ideal candidates for modulating ''crosstalk'' between these cells. Consequently, the autoimmuneprone Slam͞Cd2 haplotype expressed by Sle1, coupled with the yaa-associated enhancement in TLR7 expression, may be the key to the early chronic activation of the immune system that precedes disease development.
Sles1 remains the most intriguing element delineated in this congenic dissection of systemic autoimmunity. Our findings indicate that this modifier fully suppresses the development of chronic immune activation and autoimmune pathologies in B6.Sle1yaa mice. Because Sles1 neither suppresses the enhanced TLR7 stimulatory capacity nor impacts the polymorphic expression of the Slam͞Cd2 gene cluster, and yet fully abrogates lupus in this model, we postulate that Sles1 acts downstream from the initiating trigger mediated by the interactions between these two alleles. Importantly, B6.Sle1yaaSles1 mice respond appropriately in vitro to immunogenic stimuli. Thus, this modifier reestablishes a balance between the innate and adaptive immune systems without suppressing normal functions of the immune system. In this regard, B6.Sle1yaaSles1 mice do not express the mild autoimmune phenotypes associated with B6.yaa, indicating that this suppressive modifier can regulate the enhanced TLR7 signaling mediated by yaa more effectively than the B6 genome. Consequently, the pathway modulated by Sles1 is an outstanding target for therapeutic intervention in human lupus.
Materials and Methods
Mice. Mice were housed in the University of Texas Southwestern Medical Center Animal Resources Center's specific pathogen-free facility with the approval of the Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center. Original breeders for all strains were obtained from The Jackson Laboratory. The B6.Sle1yaa line was derived by breeding female B6.Sle1 mice to male B6.yaa and subsequent intercrossing of progeny (8) . The introgression of the NZW-derived Sles1 interval was performed in a similar manner. The primers used to select for and identify the intervals have been previously reported (48) .
Serology. Autoantigen arrays were performed on serum samples in the University of Texas Southwestern Medical Center Microarray Core, as recently described (24) .
Illumina BeadChip Gene Expression Analyses. CD19
ϩ and CD4 ϩ B and T cells were sorted from the spleens of three mice per genotype using the MoFlo Flow Cytometer (DakoCytomation) and antibodies against CD19, CD4, CD8, CD11b, and B220 (BD Pharmingen͞eBiosciences). Purity achieved was Ͼ95%. RNA was isolated from the sorted cells and hybridized to Illumina Sentrix Mouse 6 BeadChip arrays.
BAC FISH Hybridizations. Slides of metaphase spreads were prepared from stimulated splenocyte cultures as described previously (49) . BAC clones (BACPAC Resources, Oakland, CA) were cultured, and BAC DNA was isolated by using the PhasePrep BAC DNA kit (Sigma). DNA was labeled by using the Prime-It Fluor Fluorescence Labeling Kit (Stratagene) and Spectrum Orange (Vysis, Downers Grove, IL) according to the manufacturers' instructions, precipitated, resuspended in LSI͞ WCP hybridization buffer (Vysis), and hybridized to slides overnight at 37°C. Washed and dehydrated slides were mounted by using Vectashield Mounting Medium with DAPI (Vector Laboratories) and visualized with an AX70 light microscope (Olympus, Melville, NY) using ISIS 5.0 FISH imaging software (MetaSystems, Altlussheim, Germany).
In Vitro TLR Splenocyte Stimulation Assays. Sterile splenocyte suspensions were plated in quadruplicate at 0.5 ϫ 10 6 cells per milliliter in complete RPMI medium 1640 with varying concentrations of the following stimuli: anti-IgM (Jackson ImmunoResearch), LPS (Sigma), CpG ODN 1826 (Coley Pharmaceuticals, Ottawa, ON, Canada) and Imiquimod-R837 (InvivoGen, San Diego). In some assays, cells were preincubated with 2 g͞ml chloroquine (InvivoGen) for 30 min at 37°C before the stimuli addition. Plates were set up in duplicate, and cells were cultured at 37°C for 24 and 48 h. Either plates were pulsed with [ 3 H]thymidine for the last 9 h and [ 3 H]thymidine incorporation was measured to assay for cell proliferation or cells and supernatants were collected for flow cytometric and ELISA analyses.
Cytokine ELISAs. Supernatant and serum concentrations of the cytokines IL12p40 and IL6 were determined by using OptEIA ELISA kits (BD Biosciences) according to the manufacturer's instructions.
Statistical Analysis. Data were analyzed by using INSTAT3 (GraphPad, San Diego). Unless otherwise indicated, error bars represent SEMs.
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